The kinetic changes of insulin receptors and cell surface insulin degrading enzyme were examined in Bri-7 cultured human lymphocytes after preincubation with or without insulin. The concentration of cell surface insulin degrading enzyme was determined by immunoenzymatic labeling method using a polyclonal antiserum to insulin degrading enzyme. In Bri-7 cells preincubated with 10 -1~ to 10 -5 mol/1 insulin for 18 h, the surface insulin receptors and insulin degrading enzyme decreased progressively as a function of the concentration of insulin in the preincubation medium. The surface insulin receptors and insulin degrading enzyme of cells preincubated with 10 -6 mol/1 insulin were decreased to 25 and 35% of the control respectively. In Bri-7 cells preincubated with 10 -6 tool/1 insulin for 30 min to 18 h, the loss of surface insulin degrading enzyme was slightly slower than that of the receptors; however, the curves were essentially parallel to each other. Thus, the treatment of Bri-7 Cells with insulin caused down-regulation of insulin receptors in a dose-and time-dependent manner. Cell surface insulin degrading enzyme also decreased simultaneously. A combination of several insulin degradation assays (trichloroacetic acid precipitation, gel filtration and receptor rebinding) demonstrated that cell surface bound insulin remained intact, and that the degradation in Bri-7 cells seemed to be a limiting proteolysis of insulin. Furthermore, by the receptor rebinding method insulin degrading activity in cells after preincubation with 10-6 mol/1 insulin (19.6+4.6%) was decreased, although not significantly, as compared with cells after preincubation without insulin (24.6 +__ 4.8%). These results suggest a possible hypothesis that cell surface insulin degrading enzyme may be internalized with the insulin-receptor complex, and that it may degrade insulin during the intracellular process.
It is well recognized that incubation of various cell types with insulin leads to a decrease in the number of cell surface insulin receptors, a process termed down-regulation [1] . This loss of cell surface receptors may be linked with hormone internalization, because after insulin binds to its receptors, insulin-receptor complexes are intemalized by absorptive endocytosis [2, 3] . Following this, insulin seems to be degraded in the intracellular sites [4] [5] [6] . Although the degradation of insulin has been extensively studied, the sites and enzymes of intracellular degradation have still not been determined. However, recent evidence suggests the presence of peptide intermediates of insulin metabolism in isolated cells [7, 8] ; therefore, insulin seems to be initially degraded by a specific enzyme to intermediate forms and broken down in lysosomes to low molecular weight products [8] . Among many enzymes with the ability to degrade insulin, insulin degrading enzyme (IDE) [9, 10] , also called insulin protease (EC 3.4.22.11, insulinase) [11] has been implicated in this process, since it cleaves insulin in a limited number of places which are consistent with the peptide intermediates in isolated cells [12, 13] . This enzyme mainly exists in the cytosol fraction, but also exists on the surface of various cell types [14, 1511 Therefore, one possible mechanism of intracellular insulin degradation is that cell surface IDE may be internalized with the insulin-receptor complex and may de, grade insulin during the intracellular process.
In order to examine this hypothesis, in the present study we have assayed cell surface IDE in Bri-7 cultured human lymphocytes in which insulin receptors were down-regulated by insulin.
Materials and methods
125I-insulin (150-250 p.Ci/ktg) was purchased from Dinabott RI Laboratories (Tokyo, Japan), pork monocomponent insulin from Novo Research Institute (Copenhagen, Denmark), RPMI 1640 medium from Flow Laboratories (McLean, Va, USA), fetal calf serum from GIBCO (Grand Island, Nu USA), bovine serum albumin (BSA, fraction V) from Sigma (St. Louis, Mo, USA) and Dulbeccos' modified Eagle medium (DMEM) from Nisui Biological Company (Tokyo, Japan). Polyclonal antiserum to IDE was obtained by immunization of rabbits using purified porcine skeletal muscle IDE by ammonium sulfate precipitation, chromatography on Bio-Gel P-200 and DEAE-cellulose and finally rechromatography on Sephadex G-200 [16] . The antiserum recognized not only purified porcine muscle IDE but also partially purified IDE from rat muscle cytosol and plasma membrane fractions [16] . Furthermore, by means of antiserum, IDE was identified on the surface of IM-9 cultured human lymphocytes [14], rat heparoma cells [14] , primary cultures of rat hepatocytes [14] and isolated mouse pancreatic acini [15] .
Cell culture: Bri-7 cells, diploid B lymphocytes derived from peripheral lymphocytes of healthy subject, were obtained from Flow Laboratories [17] . The cells were grown in continuous culture at 37 ~ in RPMI 1640 medium containing 10% fetal calf serum, 2 mmol/1 glutamine, 501xU/ml penicillin, 50 ktg/ml streptomycin and 25 mmol/1 HEPES, and equilibrated with 7% CO2 and 93% humidified air.
Preincubation of Bri-7 cells with insulin:
The Bri-7 cells at a concentration of 5xl0S/ml were preincubated with or without 10-1~ -5 tool/1 concentration of unlabeled insulin at 37 ~ for the indicated time in the CO2 incubator. Following this preincubation, the cells were washed by the Kosmakos' method for the removal of ceU surface bound insulin. In order to obtain the most optimal condition for dissociation of bound insulin from the cell surface, we employed the washing buffer consisting of DMEM (pH 6.0) containing 0.2% BSA at 30 ~ [18] . The cells were spun down and resuspended in assay buffer. The cell surface insulin receptors and IDE were then determined in both the control and insulin-preincubated cells.
Insulin binding assay: 12sI-insulin was purified by gel filtration on a column of Sephadex G-50 before each experiment. The radioactivity was 99-100% precipitable in 7.5% trichloroacetic acid (TCA). The control and insulin-preincubated cells (2 x 106) were incubated in a total volume of I ml of DMEM containing 1% BSA (pH 7.8) with 0.1-0.2 ng of purified 125I-insulin in the presence or absence of 33 p~g of unlabeled insulin. Incubation was conducted in polystylene tubes (1 • 7 cm) at 15 ~ for 2 h. The cells were then washed three times with 500 ~1 of ice-cold DMEM containing 0.2% BSA, and the radioactivity with the cells was measured in a gamma counter (Aloka, Tokyo, Japan). Non-specific binding was defined as radioactivity associated with cells in the presence of excess unlabeled insulin. Specific binding was obtained by subtracting the non-specific from total binding. lmmunoenzymatic labeling of cell surface 1DE: Firstly, in order to examine the presence of cell surface IDE on Bri-7 cells, the ceils were adjusted to a density of 1 x 106 cells/ml. Normal rabbit serum (NRS) or anti-IDE serum were diluted, added to 0.5 ml of the cultured cells and incubated for 30 min at 24 ~ After this incubation, the cell suspension was centrifuged at 200 x g for 5 miu, and the cell pellets were washed twice with 1 ml of 0.01 mol/1 phosphate-buffered saline (PBS, pH 7.4) and resuspended in 0.5 ml of peroxidase conjugated anti-rabbit IgG (Miles-Yeda Ltd., Rehovot, Israel) at a final dilution of 1 : 200 in 0.01 mol/1 PBS with 1% BSA. After 60rain at 24~ the cells were washed as described above. The cell pellets were resuspended in 0.5ml of 0.1tool/1 potassium phosphate, pH6.0, containing 0.4mmol/1 2,2'-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) and 1.3 mmol/1 H202 and incubated for 10rain at 24~ The enzyme reaction was stopped by cooling at 4 ~ and centrifuging the cells. One ml of 0.1 tool/1 citrate-phosphate buffer, pH 2.8, was added to 0.5 ml of the supernatant and then the absorbance was read at 414 nm. The changes of cell surface IDE in the Bri-7 cells preincubated with various concentrations of insulin for various indicated times were examined simultaneously.
Insulin degradation assays: Insulin degradation was examined in
Bri-7 cells after preincubation with or without insulin. Bri-7 cells (5x !0S/ml) were preincubated with or without 10 -1~ 10 -8 and 10-6mol/1 concentration of insulin at 37~ for 18 h and washed by the Kosmakos' method as described above. The cells were spun down, resuspended in DMEM containing 1% BSA (pH 7.4) and incubated with 0.1 ng/ml of 12sI-insulin at 37 ~ for 1 h. Degradation of 12sI-insulin in the supernatant was determined by centrifuging the cell suspension and the adding 0.5 ml of supernatant to 0.5 ml of 15% TCA at 4 ~ The radioactivities in the precipitate and supernatant obtained after centrifugation were then counted (TCA method). Alternatively, 0.5 ml of supernatant were added to 0.5 ml of DMEM containing 2 x 10 6 freshly prepared Bri-7 cells. After incubation at 15 ~ of 2 h, the fraction of 125I-insulin bound to receptors was measured as previously described (Rebinding method) [15] . Furthermore, in order to examine whether cell surface bound insulin was intact or degraded, 125I-insulin was removed from the cell surface by using an acid extraction technique [19] . According to this method, surface bound insulin was extracted in the medium and only intracellular insulin was associated with cells. Bri-7 cells (2 • 10 G) were incubated with 125I-insulin at 37 ~ for 1 h, cells were separated by centrifugation and incubated with the barbitol sodium acetate buffer (pH 3.0) for 5 min at 4 ~ The nonextractable (intracellular) radioactivity was solubilized in 0.1% Triton X-J00, 4 mol/1 urea and 1.5 re 9 acetic acid. Each extractable (cell surface) and nonextractable radioactivity was chromatographed on a Sephadex G-50 column (0.7 x 40 cm) that was pre-equibrated with 4 mol/1 urea and 1.5 mol/I acetic acid.
Statistical analysis:
Results are given as mean + SD, and statistical evaluation of the data was made by Student's paired t-test. A p value of < 0.05 was considered statistically significant.
Results
Bri-7 cells were preincubated with or without 10 -6 re 9
insulin for 18 h at 37 ~ washed with insulin free medium and then incubated with 125I-insulin and various concentrations of unlabelled insulin to measure surface insulin receptors (Fig. ] a) . At an insulin concentration ranging from 0.1 to 120 ng/ml, Bri-7 cells preincubated with insulin bound about 25% as much 125I-insulin as did the cells preincubated without insulin. Scatchard analysis indicated that the decrease in azsI-insulin binding to the cells which had been preincubated with insulin was the result of a decrease in the number of insulin receptors (Fig. lb) . Thus, insulin-induced receptor loss has been demonstrated in Bri-7 cells.
Either NRS or specific rabbit antiserum against IDE was incubated with Bri-7 cells. The binding of antibodies to the cells was quantified by the use of a second antibody that was coupled to peroxidase. Figure 2 shows that, with increasing quantities of anti-IDE serum, there was an increased amount of peroxidase activity bound to the cells. Bri-7 cells incubated with 1 : 50 dilution (10 ~tl) of anti-IDE serum had 7 times more peroxidase activity than cells incubated with the same amount of NRS. Therefore, Bri-7 cells have not only plasma membrane insulin receptors, but also IDE, a plasma membrane protease.
Since the surface receptors in the Bri-7 ceils were internalized along with the hormone and thus down-regulated by preincubation with insulin, surface IDE may be co-internalized with hormone-receptor complex. To determine the effect of chronic exposure to insulin on the level of surface IDE, Bri-7 cells were preincubated with various concentrations of unlabeled insulin (10-a0 to 10 -5 mol/1) for 18 h, and cell surface receptors and IDE were measured (Fig. 3) . Similar to the decrease of Bri-7 cells were incubation with lasI-insulin at 37 ~ for 1 h and centrifuged. The cell-associated radioactivities were separated into cell surface (extractable) and intracellular (nonextractable) radioactivities by using an acid extraction technique. Nonextractable radioactivity was solubitized in 0.1% Triton X-100, 4 tool/1 urea and 1.5 tool/1 acetic acid. Extractable (A) and nonextractable (B) radioactivities were applied to a Sephadex G-50 column. One experiment representative of three is shown surface insulin receptors, the surface IDE decreased progressively as a function of the concentration of insulin in the preincubation medium. The surface insulin receptors and IDE of Bri-7 cells preincubated with 10 -6 mol/1 insulin were decreased to 25 and 35% of the control respectively. Figure 4 shows the effect of preincubation time on the loss of surface insulin receptors and IDE. Bri-7 cells were preincubated with 10 -6 mol/l insulin from 30 min to 18 h, and cell surface receptors and IDE were measured. Fifty percent of the receptors were lost at 6 h, and the level of the receptors achieved a steady state at 18 h. Although the loss of surface IDE was slightly slower than that of receptors, the curves were essentially parallel to each other. Thus, the loss of cell surface receptors and IDE was directly related to the concentration of insulin and the preincubation time.
In order to examine the correlation between the amount of antibody binding to IDE and the enzymatic activity, insulin degradation in the supernatant was measured in Bri-7 cells after preincubation with or without insulin by TCA precipitation and receptor rebinding (Table 1 ). In the supematants from both cells after preincubation with and without insulin, the apparent degradation of insulin was not detectable by the TCA method; however, fair amounts of insulin were degraded using by the rebinding method. As compared with cells after preincubation without insulin (24.6___ 4.8%/1 x 106 cells/h), insulin degrading activity was fairly decreased, although not significantly, in cells after preincubation with 10 -6 mol/1 insulin for 18 h (19.6 + 4.6%/1 • 106 cells/h).
Finally, Figure 5 shows chromatographic patterns of extractable (cell surface) and nonextractable (intracellular) radioactivities from Bri-7 cells by an acid extraction. The extractable radioactivity was almost entirely eluted at the position of intact insulin, whereas the nonextractable radioactivity was eluted with the void volume, intact insulin and a small shift to right from insulin. No small fragments of 125I-insulin were found in the salt peak. Elution profiles of extractable and nonextractable radioactivities in Bri-7 cells preincubated with insulin were essentially similar to those in cells preincubated without insulin (data not shown). These results suggest that cell surface bound insulin has not been degraded and Bri-7 cells have degraded insulin to only a limited extent.
Discussion
Using a polyclonal antiserum to IDE, we evaluated cell surface IDE after exposing Bri-7 cultured human lymphocytes to insulin. The present studies demonstrate that Bri-7 cells contain not only insulin receptors but also IDE, a cell surface protease. The treatment of Bri-7 cells with insulin caused the down-regulation of insulin receptors in a dose-and time-dependent manner, with a simultaneous decrease in cell surface IDE.
Numerous studies on insulin degradation have been reported using isolated and cultured cells. The initial step in degradation of insulin by the target cell is binding of the hormone to receptors on the cell surface. Subsequent steps in the metabolism of insulin have been debated. Lysosomes may be implicated in the intracellular degradation of insulin. However, current studies have demonstrated that chloroquine, a lysosomal inhibitor, has little effect on 125I-insulin degradation in various tissues [4, 15, 20, 21] , suggesting that lysosomes may have only a small role in the process of insulin degradation. On the contrary, IDE accounts for most of the insulin-degrading activity of various cell extracts [9, 12, 15] . In addition, it has been shown that inhibitors which inhibit the activity of this enzyme also inhibit insulin degradation in the intact cell [4, 12, 15, 22] . These reports are therefore consistent in indicating a role for IDE in insulin degradation.
On the other hand, direct morphological studies using fluorescent derivatives of insulin and microautoradiographic analysis have indicated that insulin is initially localized on plasma membranes and then internalized with its receptors via endocytosis [23, 24] . During the intracellular process, insulin appears to exist in unique vesicles called receptosomes [24] or compartments for uncoupling of receptor ligand complexes [25] which may eventually fuse with lysosomes. IDE on the cell surface may degrade insulin through three possible mechanisms. First, IDE may degrade insulin while the enzyme is present on the plasma membrane. Second, IDE may be shed into the incubation medium where the enzyme then acts to degrade insulin extracellularly. Third, IDE may be internalized with both insulin and its receptors, and then the enzyme may degrade insulin in an intracellular compartment. However, the first possibility does not appear to apply in this case because insulin bound to the surface of Bri-7 cells was still intact by judging from the acid wash technique. Furthermore, in contrast to prior studies demonstrating that IM-9 cells release in insulin degrading enzyme into their media [26] , IDE from Bri-7 cells measured by immunoenzymatic labeling was not observed in the media after the exposure to insulin (unpublished observation). The second possibility, therefore, also could not be considered as the mechanism of insulin degradation in Bri-7 cells. Our present data support the third hypothesis that cell surface IDE may be internalized with the insulin receptor complex, and may degrade insulin during the process between dissociating insulin from its receptors and fusing the vesicle with lysosomes.
However, there is a considerable discrepancy between the amount of antibody binding to cell surface IDE and the insulin degrading activity in Bri-7 cells. The reason why the insulin degrading activity was not significantly decreased in down-regulated cells is currently unknown. One possible explanation for this discrepancy is that internalized insulin may be degraded by not only cell surface IDE but also IDE in the cytoplasm. Recently, Shii and Roth [27] produced four monoclonal antibodies to IDE from human erythrocytes. These antibodies, when microinjected into the cytoplasma of human hepatoma cells, have been shown to partly inhibit insulin degradation in the intact cell. These results suggest that a cytosolic IDE may account for a considerable part of the insulin degrading activity in the intact cell. The pH optimum for this enzyme was found to be 7.0, but the enzyme still shows its activity around pH 6.0 [28] . It is conceivable, therefore, that IDE degrades insulin in the cytoplasma at the optimum condition and IDE may also be active at the pH of endosomes. Thus, it is likely that both cell surface and cytosolic IDE, acting either individually or in concert, constitute a physiological mechanism by which the cellular response to insulin is terminated. Monoclonal antibodies against IDE will be very useful for studying the mechanism of intracellular degradation of insulin by cell surface and/or cytosolic IDE.
